The genomic RNA ofpotyviruses has a characteristic 5' non-translated region (5'NTR) to which a viral protein, VPg, is covalently attached. This suggests that the viral RNA lacks a conventional cap structure and thus its translation may not proceed in the same way as most cellular mRNAs. To investigate the role of the 5'NTR during translation, various derivatives of the turnip mosaic potyvirus (TuMV) leader were fused to the reporter gene fl-glucuronidase (GUS). These constructs were used to monitor the efficiency of translation in vitro in a rabbit reticulocyte lysate and in planta following microprojectile DNA delivery into tobacco cell suspensions. GUS transcripts fused with the TuMV 5'NTR, whether they were capped or not, were efficiently translated, whereas GUS transcripts without the viral leader needed to be capped for expression. When transcripts of the viral leader were supplied in excess over functional transcripts, translation was inhibited in a dose-dependent manner. Similarly, transcripts synthesized from the reverse complement of the 5'NTR inhibited translation to the same extent as the wild-type sequence, indicating that cap independence was not conferred by a specific sequence within the viral leader. A stable hairpin loop was placed in front or after the viral sequence. This hairpin loop normally prevented translation of control GUS transcripts but when the viral leader was positioned after it a significant level of GUS activity was measured, whether the transcripts were capped or not. On the other hand, when the hairpin loop was positioned after the viral leader, no GUS activity was measured. These results suggested that ribosomes bound to an internal site within the TuMV 5'NTR and then presumably scanned the sequence for the initiator AUG.
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Introduction
Turnip mosaic potyvirus (TuMV) is the most significant and widespread virus infecting cruciferous crops (Shattuck et al., 1989) . One characteristic of TuMV infection is the appearance of inclusion bodies consisting mainly of viral proteins (Hiebert & McDonald, 1973) . This proficiency in protein synthesis has led us to investigate the mechanisms by which infection proceeds at the level of translation. Recently, the complete nucleotide sequence of TuMV RNA was determined (Nicolas & Lalibert6, 1992) . The viral RNA is 9830 nucleotides long and contains a single open reading frame (ORF) of 9489 bases encoding a large polyprotein which is processed by three distinct virus-encoded proteases (Riechmann et al., 1992) . Preceding the ORF is a non-translated region (5'NTR) of 129 nucleotides long, which does not have any special features or similarity with other potyviral 5'NTRs except for a high AU content (70 %) and two small, highly conserved regions (Lain et al., 1989; Turpen, 1989 ).
The 5"NTRs of some plant viruses, such as tobacco mosaic tobamovirus (Gallie et al., 1987) and alfalfa mosaic virus (Jobling & Gehrke, 1987) , enhance translation whereas others, such as those of turnip yellow mosaic tymovirus or the black beetle virus, do not (Jobling et al., 1988) . The enhancing activity of plant viral leaders was proposed to be due to their lack of stable secondary structures. This would presumably reduce the need for the unwinding activity of the translation initiation factor eIF-4F and thus favour ribosome scanning (Jobling & Gehrke, 1987; Sleat & Wilson, 1992) .
In the case of potyviral 5'NTRs, fusion of the 144 nucleotide leader of tobacco etch virus (TEV) to the reporter gene encoding fl-glucuronidase (GUS) enhanced protein expression eight-to 21-fold in vitro and in planta (Carrington & Freed, 1990) . The pea seedborne mosaic potyvirus 5'NTR gave a similar result (Nicolaisen et aL, 1992) . In the virion, the potyviral 5'NTR is linked to a viral protein termed VPg and thus it is unlikely that the viral RNA has a conventional cap structure, although it TTAAAGCAAACACAATCTTTC  A AA G CA TTCA AA GCA TTCAA G CAA TCAAA GA TTTTCAAA TCTTTTG TCG TTA TCA A A GCA A TC,4 CCAA CA GGA TCCA G GA TCCC C G G G   TGGTCAGTCCCTTATG   pTZ FGUS GGGAAAGCTTGCATGCCTGCAGGTCGACT~TAGATTG~TTTGATAA~GA~AAAAGATTTGAAAAT~TTTGATTG~TTGAATG~TTTGAAAGA   TTTGTGTTTGCTTTAATCGTTTTGTGGATCCCCGGGTGGTCAGTCCCTTATG   pTZ 5"   GGGAAAGCTTG CAT GCC T GCAGG T CGAC TC T AGAAAAA TA TAAAAA CTCAA CA CAA CA TA CA CAAAA CGA TTAAA GCAAA CA CAA TCTTTC   AAAGCA TTCAAAGCA TTCAAGCAA TCAAAGA •TTTCAAA TCTTTTGTCG TTA TCAAAGCAA TCACCAACAGGA TCCAGGA TCCCC In this study, we investigated whether translation of potyviral RNA occurs by the scanning or the internal ribosome entry mechanism as well as whether specific nucleotide sequence motifs were required. Various engineered derivatives of the TuMV 5'NTR were fused to the GUS reporter gene: these included replacement of the 5'NTR with its reverse complement and insertion of a stable hairpin loop before or after the TuMV sequence.
Our results indicate that the TuMV 5'NTR confers cap independence and may contain an IRES.
Methods
Plasmid constructions. The TuMV 5'NTR was inserted in Xbal-and BamHl-digested pTZ 19U by PCR using the primers 5' GGCGC-TCTAGAAAAATATAAAAACTCAACA 3' and 5' CTGCTGCCA-TGGTGGATCCTGTTGGTGATTGC 3', generating pTZ 5'. The conditions used for PCR were as previously described (Lalibert6 et al., 1992) . Cloning of the reverse complement of the YNTR was carried out with the primers 5' GCTTGCTGTTCTAGATTGCTTTGA 3' and 5' CAACACAGGATCCACAAAACGA 3', generating pTZ F. The underlined nucleotides denote the restriction sites used for cloning. The plasmids pTZ GUS and pTZ 5'GUS were generated by cloning the BamHI-SacI restriction fragment containing the GUS gene from pBI 121 (Jefferson et al., 1987) into pTZ 19U and pTZ 5' respectively. The plasmid pTZ FGUS was generated by cloning the XbaI-BamHIdigested reverse complement of the TuMV 5'NTR PCR product into pTZ GUS digested with XbaI-BamHI. The pRT 99 plasmid series (T6pfer et al., 1988) were constructed as follows: the TuMV 5'NTR and its reverse complement were ligated into XbaI and BamHlrestricted pBI 121. The recombinant plasmids were subsequently digested with HindlII and EcoRI and the fragments containing the GUS gene were ligated into appropriately digested pRT 99. In the pRT 99 plasmid series, the GUS gene is under the control of the cauliflower promoter is present on the plasmid. The following oligonucleotide was used to insert a stable hairpin loop in the 5'NTR: 5' CTAGAGGAT-CCCCCCGGGGGGTACCCCCGCGGGGGTCGACCCCCGCG-GGGGTACCCCCCGGGGGGATCCT Y. The oligonucleotide was incubated at 95 °C for 10 min in sequencing buffer, slowly rcannealed at room temperature and ligated to appropriately digested recombinant plasmids. The relevant sequences and diagrammatical representations of these plasmids are shown in Fig. 1 and 2 respectively.
In vitro transcription and translation. The pTZ plasmid series were linearized with EcoRI and transcribed in vitro according to the supplier's instruction (Promega). This used 05 mM of each NTP for uncapped transcripts, or 0.5 mM each of ATP, CTP, UTP, 0.05 mM-GTP and 0.5 mg-Tm GpppG (7m) for capped transcripts, with 20 units of T7 RNA polymerase. These conditions have been demonstrated to result in the synthesis of a high percentage of capped transcripts (Konarska et al., 1984) . Transcription products were analysed by electrophoresis on denaturing agarose gels (Sambrook et al., 1989) and RNA concentrations were estimated by u.v. absorbance. The different transcripts were translated in vitro at the same molar concentrations employing rabbit reticulocyte lysate (Promega).
Microprojectile delivery. Plasmid DNA was delivered to tobacco (Nicotiana tabacum line SR1) cell suspensions using the Biolistic Particle Delivery System t000/He (DuPont; Charest et al., 1993) . For sample preparation, approximately 2.5 ml of a 4-day-old cell suspension was vacuum-filtered onto Whatman 2 filter paper and placed on MS0.5D plates [1 x Murashige and Skoog basal salts, 1 x Gamborg's vitamins (Sigma), 0-5 mg/ml 2,4-dichlorophenoxy acetic acid and 0-1% agar]. Samples were placed 9 cm from the stopping screen in a chamber evacuated to 800 mmHg and bombarded once, delivering 0.4 lag of plasmid DNA coated onto 1.6 lam gold particles. Bombardment conditions consisted of a gap distance of 9-525 mm, internal nest settings of 16 mm and rupture disc pressure of 7584.2 kPa. Five samples were bombarded per treatment and the experiments were repeated three times.
GUS fluorometric assay. GUS activity from cell-free translation reactions was measured as previously described (Carrington & Freed, 1990) . Translation reactions were stopped by the addition of 10 volumes of GUS extraction buffer (50 mM-NaPO 4 pH 7-0, 10 mM-2-mercaptoethanol, 10 mM-Na2EDTA, 0.1% Triton X-100). The level of GUS activity in 25 lal samples of lysate was determined by adding 25 lal of substrate buffer [2mM-4-methylumbelliferyl fl-o-glucuronide (MUG) in GUS extraction buffer with 40 % methanol] and incubating for 60 rain at 37 °C. The reactions were stopped by the addition of 0'95 ml of 0"2 M-Na2CO a. Conversion of MUG to methylumbelliferone (MU) was measured with a fluorometer (TKO-100; Hoefer Scientific Instruments). One unit of GUS activity was defined as the amount of GUS required to produce 1 pmol of MU in 1 min.
GUS activity from bombarded tobacco cells was assayed as follows. Bombarded samples were incubated at 25 °C in the dark for 20 h. The cells were collected into microcentrifuge tubes containing a pinch of alumina and 200 lal of GUS extraction buffer. The mixture was ground on ice and then centrifuged at 10000 g for 10 rain. MUG substrate buffer (100 lal) was added to 100 lal of supernatant. The final mixture was vortexed and then incubated at 37 °C. Samples (20 lal) were removed after 1, 2 and 3 h of incubation and added to 0.98 ml of 0.2 MNa2CO 3. The amount of MU produced was measured as described above. One unit of GUS activity was defined as 1 pmol of MU released/min/mg of extracted protein, as determined by a Bradford assay (Bio-Rad). The NPT II ELISA was performed according to the manufacturer's (5' ~ 3') recommendations.
Results

In vitro translation of 5"NTR fusions
To determine whether the 5'NTR of TuMV confers cap independence during translation, the viral leader was fused to the reporter gene GUS. The translational efficiency of RNAs, which were transcribed in vitro in the presence or absence of the cap analogue 7m, was measured in a rabbit reticulocyte lysate. The length of the leader containing the TuMV 5'NTR (pTZ 5'GUS) was 162 bases, and it contained 33 nucleotides derived from the polylinker of pTZ 19U at its extreme 5' end (Fig. 1) . The artificial NTR for pTZ GUS was 58 bases long, of which the first 33 nucleotides were identical to the 5'GUS leader, and such types of leaders have been shown to be adequate for in vitro translation (Kozak, 1989b) . Equimolar concentrations of capped and noncapped transcripts were translated and samples were withdrawn at different time intervals and assayed for GUS activity. Capped 7m-GUS transcripts were efficiently translated (Fig. 3 ) but barely any activity was measured, even after 80 min, with the uncapped version, indicating the importance of a methyl guanosine at the 5' end of the RNA as predicted by the scanning model (Thach, 1992) . On the other hand, GUS transcripts fused with the viral leader, whether they were capped Cm-51GUS) or not (5'GUS), were translated as well as 7m-GUS transcripts. This indicated that RNAs that have the TuMV 5'NTR within their leader sequence do not have the same translational requirements as 'normal' RNAs, in that they do not need to be capped for efficient translation, even though both types of transcript had 33 identical nucleotides at their extreme 5' end. Interestingly, contrary to what has been observed for the TEV leader (Carrington & Freed, 1990) , the TuMV sequence did not provide enhancement of translation. This might be explained by differential stability of the various transcripts. However, the kinetic profiles of translation obtained with 7m-GUS as well as capped and noncapped 5'GUS transcripts were identical, suggesting that this was not the case. Possibly, enhancement is a function of other factors such as salt concentrations (Thomas et al., 1991) , the need of certain host factors or the control RNA with which the comparison is made.
Cap-independent translation of transcripts containing the TuMV leader suggested that interaction with the cap binding protein was not necessary or at least that the 5'NTR competed efficiently for translational factors. Competition for cellular factors was reported for the 144 nucleotide 5'NTR of TEV (Carrington & Freed, 1990 ) and the encephalomyocarditis virus 5'NTR, which has been shown to contain an IRES, inhibited translation of globin mRNA (Duke et al., 1992) . To verify whether the TuMV 5'NTR acted similarly, transcripts of the viral leader were supplied in excess over functional transcripts to establish whether this would reduce the translational efficiency of the latter. The TuMV 5'NTR was synthesized from EcoRI-linearized pTZ 5' (Fig. 1 ) and added at 2-5-, five-and 10-fold molar excess to translation reactions with 5'GUS or 7m-GUS transcripts. The viral leader inhibited translation of both transcripts in a dosedependent manner (Fig. 4) . Moreover, a similar concentration of the viral leader was required for 50 % inhibition, suggesting that translational factors bound to the viral leader and the cap structure with comparable affinities. In a control experiment, a translation reaction using ~m-GUS transcripts was conducted in the presence of a 10-fold molar excess of competitor RNAs synthesized from BamHI-linearized pTZ GUS, which represented the first 36 nucleotides of the artificial leader sequence. The level of GUS activity was not affected (data not shown) which indicated that the inhibition of translation by TuMV-derived competing RNAs was specific.
Competition with cellular factors might be a function of specific sequences found within the 5'NTR. To test this hypothesis, the reverse complement of most of the viral leader was added to translation reactions programmed as above. The reverse complement sequence was 116 nucleotides long, with the same AU content as the wild-type sequence (Fig. 1) and computer-generated structural analysis (Zuker & Stiegler, 1981) of the inverted sequence predicted a conformation with a similar enthalpy of formation to that of the wild-type (data not shown). This leader sequence inhibited translation to the same extent as the 5'NTR (Fig. 4) . Furthermore, capped and non-capped transcripts synthesized from a fusion of the reverse complement of the 5'NTR to the GUS gene (pTZ FGUS) were translated equally well as 5'GUS transcripts in vitro (data not shown). Consequently, cap independence was not conferred by a specific sequence within the viral leader although it is also possible that short sequence motif(s) present in both the 5'NTR and its reverse complement could be responsible for the orientation independence during translation.
Effect of stable secondary structures on the expression of 5' G US fusions
Cap-independent translation and binding to cellular factors could be attributed to the presence of an IRES within the leader sequence (Jackson et al., 1990) . Two strategies are commonly employed to confirm the presence of this type of structure. One strategy consists of using a bicistronic RNA and to show that the putative IRES positioned between the coding sequences allows initiation from the second cistron. This strategy has been unsuccessful in demonstrating that the potyvirus leader from PPV contained an IRES, even though the viral sequence permitted translation in a cap-independent manner (Riechmann et al., 1991) . On the other hand, it has been shown that the PVY 5'NTR, when positioned into an intercistronic region, allowed translation of the second cistron (Levis & Astier-Manifacier, 1993 ). An alternative strategy consists of verifying whether the leader sequence can overcome a translational block provided by a stable secondary structure that normally prevents conventional ribosome scanning (Pelletier & Sonenberg, 1985) . It was shown with this approach that translation directed by the 5'NTR of poliovirus was not abolished by inserting such a structure (Pelletier & Sonenberg, 1988) . A similar strategy has also been used to demonstrate that the 5' leader of CPMV contains an IRES (Thomas et al., 1991) and that ribosome shunting was taking place during translation of the 35S RNA of CaMV (Ftitterer et al., 1993) . Because cap independence provided by the TuMV 5'NTR was shown not to depend on a specific nucleotide sequence and since the leader is short and AU-rich, it is possible that its structure would easily be influenced by neighbouring sequences, which would mask its IRES potential. Consequently the second strategy, which has the advantage of not drastically altering the context of the viral leader, was chosen. An oligodeoxynucleotide of 70 bases in length, rich in GC residues and having a dyad symmetry that, upon transcription into RNA, could form a stable hairpin loop structure, was synthesized: the theoretical enthalpy value of the hairpin loop generated was -473.3 kJ/mol. The hairpin loop contained almost exclusively GC pairs, without any bulges or internal loops, in order to prevent a modification in the conformation of the viral AU-rich sequence. Additionally, this structure was not predicted to interact with the AUG initiator codon. This stable hairpin loop was inserted either upstream (pRT E5'GUS) or downstream (pRT 5'EGUS) of the viral leader sequence in the 5'GUS gene construct ( Fig. 1 and 2 ) and the effect on GUS expression was measured.
Transient expression in tobacco cell suspensions following microprojectile bombardment was performed with the various constructions and the results of a typical experiment are shown in Fig. 5 . In general, fusion of the viral leader to the GUS gene (pRT 5'GUS) provided approximately 2500 units of GUS activity which is a fivefold increase compared with the control plasmid pRT GUS (approximately 500 units). The reverse complement of the 5'NTR provided the same level of translation as the wild-type sequence (data not shown). As expected, insertion of the hairpin loop before the GUS gene (pRT EGUS) reduced GUS expression to background level (less than 10 units), thus indicating that this structure effectively prevented ribosome scanning. Similarly, when positioned after the viral leader (pRT 5'EGUS), the stem-loop structure dramatically reduced GUS expression from 2500 to 35 units. However, when the TuMV 5'NTR was positioned between the hairpin loop and the initiator AUG (pRT E5'GUS), a significant level of activity was restored (approximately 500 units) which approached the level obtained with pRT GUS. These results suggested that the 5'NTR contained an IRES.
Effect of a hairpin loop on the translation of 5'NTR GUS gene fusions in vitro
To confirm that the results observed with the transient expression assays reflected differences in the efficiency of translation and not of transcription, the above experiments were repeated but this time using equimolar concentrations of synthetic transcripts translated in vitro (Fig. 6 ). As expected, 5'GUS, 7m-5'GUS and 7m-GUS transcripts gave essentially the same level of expression whereas GUS transcripts were inactive. The hairpin loop completely prevented translation of the control GUS transcripts but the viral leader, when positioned after the hairpin loop, restored the efficiency of translation to onethird the level obtained with 5'GUS transcripts : this level of translation was obtained whether E5'GUS transcripts were capped or not. On the other hand, when the hairpin loop was positioned after the viral leader, no GUS activity was measured. These results suggested that ribosomes bound to an internal site on the TuMV 5'NTR and then presumably scanned the sequence for the initiator AUG of the GUS ORF.
Discussion
Translation of cellular mRNAs is thought to be limited by the requirement for cap binding factors, which are needed to initiate translation (Merrick, 1992; Thach, 1992 (Carrington & Freed, 1990; Dolph et al., 1990; Riechmann et al., 1991 ; Thomas et al., 1991 ; Wang et al., 1993) . In this study, it was demonstrated that when fused to the GUS gene, the TuMV 5'NTR enabled the RNA to be translated in a cap-independent manner. Transcripts containing the TuMV leader had 33 plasmid-derived nucleotides at their 5' end and it was shown that capping was not necessary for efficient translation. These same nucleotides were also found in the artificial leader and capping was required in this case. This indicates that the two transcripts, which had the same 5' end for 33 bases, did not behave identically with respect to cap independence when the TuMV sequence was present. Furthermore, it was shown that the cap-independent activity was not provided by a specific sequence since the reverse complement of the 5'NTR was as efficient as the wild-type sequence in binding cellular factors or in promoting GUS translation in a cap-independent manner. Finally, evidence from the presence of an IRES within the viral leader was provided both in vitro and in planta by the insertion of a hairpin loop within the leader. This highly stable secondary structure was capable of blocking translational scanning, as seen with the artificial leader. But the inhibition was lifted, although partially, if the TuMV 5'NTR was positioned immediately after this structure.
The hairpin loop could have had a marked effect on the context of the AUG initiator codon. However, the end of the hairpin loop was separated from the adenosine of the AUG codon by 18 nucleotides. The initiator codon context is made up of a few nucleotides on either side of the AUG and was not changed by the addition of the hairpin loop. Furthermore, it has been shown that bases at position -3 and +4 are highly important for efficient initiation (Gallie, 1993) and again these were not modified. Secondly, a similar hairpin was introduced 36 nucleotides upstream of the AUG start codon of a reporter chloramphenicol acetyltransferase gene and it has been shown that the inhibition of translation brought about by this hairpin loop was lifted in cells that overexpressed the initiation factor eIF-4E (Koromilas et al., 1992) . Thus the hairpin loop affected only the secondary structure of the leader and had no impact on the start codon context. It would be unlikely that the hairpin loop affected the context of the AUG initiation of GUS.
An interesting characteristic of the TuMV IRES is its relatively small size compared to picornaviruses (Jakson et al., 1990) . At most, it is 129 nucleotides long and it could be even shorter, as has been shown for TEV where the host factor binding activity provided by the 5'NTR during in vitro translation was predicted to lie within the last 63 nucleotides (Carrington & Freed, 1990) . Another characteristic is the structural feature of the viral leader that allowed ribosome internal entry. Computer analysis predicted that the TuMV 5'NTR forms a hairpin loop (Nicolas & Lalibert6, 1992) similar to that produced with the reverse complement sequence. The presence in solution of this predicted hairpin loop was indicated by experiments that showed the 5'NTR contained an S1 nuclease-resistant sequence of approximately 40bp under native conditions but not under denaturing conditions (unpublished observation). This secondary structure within the 5'NTR may thus be the site recognized for ribosome entry as it has been shown that the picornaviral IRES reside within a highly structured context (Jackson et al., 1990) . However, the TuMV IRES, because it is small and AU-rich, is presumably easily modified by adjoining sequences, as demonstrated by the relative GUS activity of 5'GUS and E5'GUS transcripts. This may also be the case for the PPV leader and would explain why the presence of an IRES was not demonstrated with a bicistronic message (Riechmann et al., 1991) .
Many plant viral leaders enhance translation (Sleat & Wilson, 1992; Gallie, 1993) . The TuMV 5'NTR and its reverse complement enhanced translation in vivo but not in vitro, contrary to TEV where enhancement was also demonstrated in vitro (Carrington & Freed, 1990) . This lack of correlation may indicate that plant factors, not present in the rabbit reticulocyte lysate, are required for the enhancing effect of the TuMV leader. It may also reflect differences in experimental conditions since it has been shown that translational initiation of CPMV mRNA on both AUGs had a differential sensitivity to the Mg 2+ concentration (Thomas et al., 1991) and may depend on the choice of control RNAs. However, we cannot rule out the possibility that the enhancement observed in vivo reflects differences in transcript levels or stability (Glimer et al., 1993) .
A recent study (Gallie & Walbot, 1992) has identified certain sequence motifs within the TMV 5'NTR responsible for enhancing translation: a combination of one copy of an eight base direct repeat and a 25 base (CAA). region was identified as the core regulatory element. Thus, these results indicated that the primary structure of the TMV leader was important in regulating the initiation of translation. Similar CAA elements are also found within the TuMV 5'NTR but the level of expression provided by the inverted form of the 5'NTR would indicate that these elements are not important in the case of TuMV. The CAA elements became TTG motifs in the inverted form, which competed similarly for translational factors and provided the same level of expression in NTR-GUS fusion experiments as the wildtype sequence.
In conclusion, the possibility of an IRES within the 5'NTR may explain why TuMV RNA was efficiently expressed without the need of apparent host translational shutdown: an IRES may be more efficient at ribosome binding and translational initiation than capped RNA, particularly under competitive conditions.
